Observations at 2.3 µm at the Australian National University 2.3-m telescope at Siding Spring Observatory and the 5-m Hale telescope at Palomar Observatory from 9 to 17 August provide a longer baseline of time around the 10 August 1995 Saturn ring-plane crossing than space-based observations. The edge-on photometric thickness of the rings at a wavelength of 2.34 µm is determined to be 0.7 ± 0.1 km, and the average geometric albedo of A-and Bring particles at 2.276 µm is estimated to be 0.35 ± 0.05. We do not detect any asymmetry in brightness between the east and west ring ansae. c 2001 Elsevier Science (USA)
INTRODUCTION
Saturn's rings lie in its equatorial plane, and twice every orbit (approximately every 14.6 years) the ring plane sweeps through the inner Solar System (Huygens 1659) . The Sun crosses the ring plane once, and the Earth crosses the ring plane either once or three times. In 1995, the Sun's disk crossed the ring plane on 17-21 November, and Earth ring-plane crossings occurred on 22 May and 10 August of that year, and 11 February, 1996 . In May, Saturn was too low in the morning sky to be imaged from the ground but was imaged by Bosh and Rivkin (1996) and Bosh et al. (1997) using the Hubble Space Telescope (HST). Nicholson et al. (1996) observed the August and November ring-plane crossings using HST. In February 1996, Saturn was close to the Sun in the sky and no useful observations were made.
When the Earth crosses Saturn's ring plane, the rings may be observed from an edge-on perspective. In this geometry the brightness of the main rings is significantly decreased, and the sunlight reflected from the "edge" of the rings becomes significant. The residual brightness of the rings can be used to estimate their physical thickness. Estimates from previous ringplane crossings gave a so-called "photometric thickness" at visible wavelengths of approximately 1 km (Sicardy et al. 1982 , Dollfus 1979 . However, the diffraction of radio signals from Voyager 1 by the ring edges indicates a physical thickness of less than 200 m (Marouf and Tyler 1982) , and further analyses find a thickness as low as 50 m (Zebker and Tyler 1984) . A stellar occultation observed using the Voyager 2 photopolarimeter indicates that the thickness is less than 200 m at several locations (Lane et al. 1982) .
The apparent thickness of the rings can be greater than the local physical thickness due to several factors. The Laplace plane warping of the rings by the Sun and inclined satellites can reach 400 m (Burns et al. 1979 . The Mimas 5 : 3 bending wave has a vertical amplitude of 800 m (Shu et al. 1983 , Gresh et al. 1986 ). However, in the HST images from the 1995 ring-plane crossing, the edge-on brightness of the rings does not decrease outside the radius of this resonance or at the outer edge of the A ring but instead remains fairly constant out to the radius of the F ring, where it drops off sharply , Bosh et al. 1997 . Poulet et al. (2000) have modeled the F ring as an uninclined, optically thick ribbon approximately 20 km in height but of narrow radial extent which obscures the main rings when the system is viewed nearly edge-on. Despite the Voyager evidence that the F ring is significantly forwardscattering (Showalter et al. 1992) , in this rare geometry it dominates the total back-scattered ring brightness.
In the HST images, as well as for many historical visual observations, asymmetries in brightness were observed between the east and west ring ansae (Alexander 1962 . It has been suggested that since the F ring is inclined relative to the main rings (Olkin and Bosh 1996) it may obscure one ansa of the main rings more than the other, leading to the observed asymmetry in August 1995 . One of the goals of the present work was to determine the extent to which this asymmetry is present when the rings are more open. Ground-based observations of the 10 August ring-plane crossing can supplement the HST observations, providing data for several days before the crossing when the Earth was on the dark side of the rings, as well as several days after the crossing when Earth was on the sunlit side.
OBSERVATIONS
We analyze here two series of Saturn observations made using two different instruments for a total of two nights before and six nights after the Earth ring-plane crossing. The Australian
FIG.
1. An image of the dark side of the rings obtained at 17:49 UT on August 10 at SSO. North is up and east is to the left. The full 64 field of view is shown. The negative image of Saturn that appears above is a consequence of nodding north-south and sky-subtracting subsequent images. Janus is visible at the end of the west ansa. A field star is seen above the eastern ansa. The increased brightness of the planet in the equatorial region is commonly observed in methane absorption bands and is attributed to aerosols at high altitudes .
FIG. 2.
An image of the sunlit side of the rings obtained at 18:17 UT on August 11 at SSO. As in Fig. 1 , the negative image is due to sky-subtraction. Enceladus is superimposed on the east ansa; the satellites Mimas and Janus are in close conjunction just off the ring. Rhea is in front of the disk of the planet. National University 2.3-m telescope at Siding Spring Observatory (SSO) in Australia was used to observe the unlit side of Saturn's rings on 9 and 10 August 1995 (UT), with observations on 10 August ending only 30 min before the moment of ringplane crossing as determined from the HST observations.
2 On 11 August, observations were continued at SSO on the lit side of the rings. The SSO Cryogenic Array Spectrometer/Imager (CASPIR) is a near-infrared 256 × 256 pixel InSb array camera with a plate scale of 0.242 per pixel, corresponding to 1541 km per pixel at Saturn. The field of view of 64 , or 4.076 × 10 5 km square at Saturn, is large enough to include the disk of the planet and both ring ansae in each image and also permitted Saturn to be nodded north to south in alternate frames to allow complementary images to be used for sky-subtraction. We used a 2.34-µm filter with a 0.088-µm bandpass centered on a strong methane absorption band in order to decrease scattered light from the disk of Saturn. Sample images from before and after the ring-plane crossing are shown in Figs. 1 Note. The quoted standard deviation is due to scatter. The uncertainty and possible variability in the absolute I /F of Enceladus introduces a systematic uncertainty in the V I F of ±20% on each night.
one ring ansa and a part of the disk of Saturn in each image. Because identical filters were not available at both telescopes, a medium band filter was selected in the same methane absorption band as the SSO filter, but centered on 2.276 µm with a 0.17-µm bandpass.
3 A typical Palomar image is shown in Fig. 3 . On 16 August, the telescope baseplate was rotated 45
• to permit simultaneous imaging of both ring ansae.
At the time of the observations, Saturn was 8.79-8.72 AU from the Earth and 9.62 AU from the Sun. The phase angle varied from 3.7 to 3.0
• . The Earth's planetocentric latitude (the ring opening angle) varied from −0.03 to +0.19
• , while the Sun's latitude was between +1.4 and +1.5
• . Table I lists these quantities for the midtime of each night's observations.
ASTROMETRY
Our primary goal in these observations was to extract calibrated profiles of ring brightness vs radius measured from the center of Saturn. To establish an astrometric reference frame for each image we measured the positions of any of the satellites Mimas, Enceladus, Tethys, Dione, Rhea, Titan, Janus, or Epimetheus which appeared in the image. If an image did not contain at least one of these satellites in a location where accurate astrometry was possible, i.e., not too close to the ring, the disk of the planet, the edge of the image, or another satellite), the image was not used. The measured coordinates of the satellites in each frame were combined with their predicted positions relative to Saturn to find the pixel coordinates of the planet's center. Orbital elements were taken from Harper and Taylor (1993) for the larger satellites and from Nicholson et al. (1992) for Janus and Epimetheus. Because Mimas deviates slightly from its ephemeris, it was avoided as an astrometry reference. How-ever, on 15 and 17 August, Mimas was the only satellite available in several images. In images where multiple satellites were measured, the errors in Mimas' position were ∼ < 0.25 . Images containing multiple satellites were also used to estimate the plate scale and orientation on the sky of the images for each night. No significant geometric distortion is expected over the relatively small fields involved.
After bias subtraction, sky-subtraction, and flat-fielding, the images were rotated about Saturn's center so that the rings were horizontal. The rotation algorithm was tested on simulated data to be certain it would conserve flux summed over columns of pixels perpendicular to the rings.
PHOTOMETRIC CALIBRATION
The SSO images were corrected for the nonlinear response of each pixel and flat-fielded with a dome flat. Since Saturn was nodded north and south in alternate images, each image could be sky-subtracted using the previous or subsequent image. Numerous bad pixels were replaced by using the IRAF cosmicrays task on both the image and the inverted image to remove both bright and dark pixels. Palomar images were bias-corrected and flat-fielded using a twilight sky flat, then sky-subtracted using an image of blank sky taken after each Saturn image. Bad pixels were identified manually and replaced by linear interpolation between adjacent pixels. For both sets of images, the skysubtracted fluxes were finally normalized to an exposure time of one second.
In order to compare the SSO and Palomar measurements and to facilitate interpretation of the edge-on ring brightness, we convert the normalized fluxes to reflectance I /F, where I stands for reflected intensity and π F is the incident solar flux density at Saturn at the wavelength of our observations. For a flat Lambertian reflector viewed at normal incidence, I /F = 1. For an extended source we have simply
where DN is the number of counts per second per pixel (a count is 1 detected electron in SSO images and 16 detected electrons in Palomar images) and α is a conversion factor. Enceladus, a bright satellite present in many images, was chosen as a convenient calibration source. By measuring I /F instead of flux and calibrating using a local reflecting standard we avoid the effects of telluric extinction, and we can compare data taken with different narrowband filters without explicitly correcting for the solar spectrum. However, the reflectance spectrum of Enceladus must still be taken into account, and the spectrum of the rings must be considered when comparing the results.
Since Enceladus is not resolved, its measured flux in a narrowband filter of width δλ is
where the sum extends over all pixels containing measurable flux from the satellite. The solid angle subtended by one pixel is
where σ is the distance subtended by a pixel at Saturn, and is the distance from Earth to Saturn. Using α as defined in Eq.
(1), the measured flux is then
Given the disk-averaged reflectance of Enceladus and its radius, R, we also have
Equations (4) and (5) can be solved for
eliminating F, δλ, and . We can measure the disk-averaged reflectance of Enceladus using a photometric standard, and Enceladus' radius, 251 km (Burns 1986) , is well known.
Calibration of Palomar Data
Since the nights at Palomar were photometric and standard stars were imaged, we can determine the absolute flux, and thus the I /F , of Enceladus. Standard stars were used to establish a mean extinction coefficient of 0.088 mag per airmass at 2.276 µm, and this figure was used to correct all Palomar measurements to an airmass of 1. The A-type star HD 129666, also imaged in the 2.276-µm filter, was used for absolute flux calibration. Its magnitude in the K filter (2.0-2.4 µm) is 6.69 (Elias et al. 1982) . The flux density at zero magnitude for the K filter is 3.9 × 10 −14 W cm −2 µm −1 (Johnson 1965) , so the flux of the star within the passband of the K filter is 3.3 × 10 −17 W cm −2 . To find the star's flux in the passband of the 2.276-µm filter, we treated the star as a blackbody with T = 10,000 K, the effective temperature of an A-type star. We ratioed the blackbody flux within the passband of the 2.276-µm filter to the blackbody flux within the passband of the K filter, then multiplied the K-filter flux of the star by this ratio to find f obs = 1.22 × 10 −17 W cm −2 . By comparing this to the measured brightness of the star, we can compute the conversion factor γ :
The conversion factors α and γ are, of course, not independent. From Eqs. (1), (2), and (7), we have
Airmass-corrected measurements of the brightness of Enceladus from several images on several nights (when Enceladus was at several different orbital longitudes) varied up to 10%. These were converted to fluxes and averaged to yield the observed flux from Enceladus. To use Eq. (5) to find the reflectance of Enceladus and to convert between γ and α, we need to know the incident flux from the Sun,
where S is the solar flux density at 1 AU and r = 9.62 is the distance from the Sun to Enceladus in AU. S(λ) was obtained from Arvesen et al. (1969) . We find the reflectance of Enceladus to be 0.47 at 2.276 µm and a mean solar phase angle of 3.2
• . Given this reflectance, we compute α, which we apply to measurements of ring brightness from the Palomar images.
Calibration of Siding Springs Observatory Data
Absolute calibration of the SSO data set is not possible since the nights were not typically photometric, so we cannot compute γ directly. Instead, we rely on Enceladus as a calibration source, computing α for any image where photometry on Enceladus is possible. However, to compute α, we need the I /F of Enceladus in the SSO filter. No published spectrum of Enceladus was available covering the wavelengths spanned by both filters (2.2-2.4 µm). An unpublished reflectance spectrum obtained at Palomar in 1990 yields a ratio of 1.26 between the average reflectances in the 2.276-and 2.34-µm passbands. Based on the absolute calibration of the Palomar data set, then, the average reflectance of Enceladus at 2.34 µm is estimated to be 0.37. Buratti and Veverka (1984) find that Enceladus' integrated visual brightness varies by 0.2 mag, or 20% over an orbit, probably due to albedo variations on its surface. The likelihood of similar variations at 2.3 µm, combined with the nonzero phase angle of our observations, leads us to adopt an uncertainty of 20% in the absolute I /F calibration on any given day.
Since Enceladus was not present or sufficiently separated from the rings to be measured in every image, the disk of Saturn was used as an intermediate photometric reference for the SSO images. Two rectangular regions on the disk of Saturn were chosen, symmetrically located in the northern and southern hemispheres. These exclude the equatorial region to avoid the rings and the polar regions to avoid any auroral activity, which is likely to vary with time and longitude. The ratio of the flux from these boxes to the flux of Enceladus in images including the satellite was stable (varying only by ∼6%) over time, even though the sky-subtracted flux of Enceladus ranged from 5,000 to 12,000 DNs due to variable cloudiness.
Quantities related to the photometric calibration are summarized in Table II .
RING PHOTOMETRY
The rings are resolved in radius, r , but not in the direction perpendicular to the ring plane, which we denote by the coordinate z. Nicholson et al. (1996) , in their study of HST images obtained during the ring-plane crossing, characterized the edge- a Derived from the Tethys spectrum of Cruikshank et al. (1984) and the visible Enceladus albedo of Buratti and Veverka (1984) .
b The observed brightness of Enceladus varies from image to image due to variable cloud cover.
on reflectance of the rings using the vertically integrated I /F, or V I F,
The V I F can be thought of as the equivalent vertical extent of the rings modeled as a simple Lambertian reflector. It is sometimes referred to as the photometric thickness (cf. Dollfus 1979 , Poulet et al. 2000 We determine the V I F at a given radius by summing over a column of pixels oriented perpendicular to the rings:
Profiles of V I F vs distance from Saturn's center after the ringplane crossing are shown in Fig. 4 . When the Sun shines on the same side of the rings that we observe from the Earth, the brightness of the rings is dominated by reflected light from the A and B rings which have high albedos and projected optical depths of order unity. Integrating vertically across the unresolved image of the rings corresponds to integrating over a chord along the line of sight in the plane of the rings, so that an integral between the nominal radii delimiting, for example, the C ring (74,000-92,000 km) actually includes contributions not only from the C ring, but also from the B ring, A ring, and F ring, while the profile in the nominal "A ring" region excludes the contributions of all ring regions interior to that radius. This geometric effect leads to a peak edge-on brightness at the inner edge of the B ring, followed by a steady decrease in brightness with increasing distance from Saturn. Figure 5 shows profiles of V I F vs distance from Saturn's center from 9 and 10 August, when the Sun and Earth were on opposite sides of the rings. When we observe the unlit side of the main rings we see primarily transmitted sunlight, and the brightest parts of the rings are those with low optical depths. The translucent C ring is readily visible in the profile from 9 August. The Cassini Division (117,500-122,000 km) is of comparable optical depth to the C ring, but much narrower, so its integrated contribution along the line of sight is less than the C ring's. If the light-scattering properties of the Cassini Observatory images for each night were averaged. The 9 August profiles show brightenings due to the C ring and Cassini Division, but on 10 August, when the geometry is closer to edge-on, these features disappear. In both profiles, there is a component that is nearly constant with distance from Saturn but drops off sharply at or near the radius of the F ring. The peaks beyond the F ring in each profile are due to small satellites (cf. Janus in Fig. 1 ).
Division and the C ring are assumed to be similar, the V I F of the Cassini Division should be six times less than the peak value for the C ring. It may be detectable as the subdued peak in the brightness profile on 9 August at a radius of 115,000 km. Simple photometric models show that the peak is shifted slightly inward from the inner edge of the Cassini Division by the radial-averaging effect of seeing. As the ring opening angle decreased, the projected area and thus the transmitted flux from the C ring and Cassini Division decreased proportionally, leaving a flat profile on 10 August dominated by the F ring.
In order to characterize the overall variation in the brightness of the rings with time, the V I F profiles were averaged over the radial range r 1 = 70,000 km to r 2 = 140,000 km:
These limits were chosen to span the entire ring system but to avoid contamination by scattered light from Saturn (which has an equatorial radius of 60,330 km) and minimize contributions from satellites beyond the F ring (at 140,200 km). When there was a bright satellite such as Dione or Enceladus superimposed on the ring ansa, that ansa was not measured. Table I lists 
FIG. 7.
Radially averaged V I F, plotted vs time from images obtained at Siding Spring Observatory on 9 and 10 August at a wavelength of 2.34 µm. The dashed line is a linear fit to these data. The change in ring brightness is largely due to decreased flux from the C ring. Extrapolation to the predicted ring-plane crossing time, August 10, 20:54 UT , indicated by the vertical dotted line, gives us an estimate for the edge-on brightness of the rings of V I F = 0.7 ± 0.1 km.
DISCUSSION
After the ring-plane crossing, the brightness of the rings increased rapidly with time as the opening angle of the rings, B, increased. The Sun's latitude B and the phase angle φ were nearly constant during the observations. The single-scattering reflectance for a plane parallel ring is given by Chandrasekhar (1960) :
where 0 is the single-scattering albedo of the ring particles, P(φ) is the phase function of the particles normalized to 4π, τ is the normal optical depth of the rings, µ = |sin B|, and µ = |sin B |. As the rings are viewed almost edge-on, µ µ and the I /F of the rings is approximately independent of optical depth so long as τ/µ 1:
Similarly, the brightness of the unlit side of the rings due to diffusely transmitted sunlight is given by
which reduces to
for the edge-on geometry. Single-scattering dominates the brightness of the rings at small phase angles because of the highly back-scattering nature of the particle phase function (Cuzzi et al. 1984 , Dones et al. 1993 .
Single-Scattering Albedo of the Ring Particles
To confirm our calibration, we attempt to measure the singlescattering albedo of the main ring particles and compare with previous results. Because the projected area of the rings varies as sin B, and B is small and increases linearly with time during our observations (see Table I ), we expect the brightness of the sunlit rings also to change linearly with time. If we neglect the contribution of the F Ring (and the edge of the main rings, whose contribution is expected to be negligible), we may write
where A is the surface area of the ring ansa between the projected radii, r 1 and r 2 , and the rings' I /F is given by Eq. (14) above.
Voyager observations indicate that the visible single-scattering albedos of the A and B rings are 2 to 3 times that of the C Ring, so as a rough approximation we treat the reflected light as coming from the A and B rings alone. Their combined area is 9.30 × 10 9 km 2 . Using values of B obtained from NASA's PDS Rings Node (http://ringside.arc.nasa.gov/), which uses the Saturn pole position and precession rate of French et al. (1993) , we fitted Eq. (17) to the V I F of the lit side of the rings over the period of the Palomar observations, 13-17 August. This fit is plotted as the solid line in Fig. 6 . The resulting area-averaged I /F of the A and B rings at 2.276 µm is found to be 0.35 ± 0.01. Dones et al. (1993) used the phase function of Callisto to model the phase function of the particles of Saturn's main rings. For the average phase angle of the Palomar observations, 3.2
• (see Table I ), the Callisto phase function gives P(φ) = 5.36; so using Eq. (14) we find 0 = 0.26.
The uncertainty in I /F quoted above is due to the scatter in the data points. Recall, however, that the photometric calibration (see Section 4) implies a systematic uncertainty of ∼20%, or an uncertainty in the particle albedo of 0.05. From the reflectance spectrum of the rings (Clark and McCord 1980) , we expect the albedo at 2.276 µm to be 66% of the average albedo at the wavelength of Voyager clear-filter observations (0.47-0.51 µm), so this estimate is in fair agreement with the Bond albedo for A-ring particles of 0.5-0.6 determined by Dones et al. (1993) .
Edge-On Brightness of the Rings
Based on extrapolation from the data of 9 and 10 August to the time of the crossing as determined by Nicholson et al. (1996) , the radially averaged V I F of the edge-on rings at 2.34 µm was 0.73 ± 0.01 km (see Fig. 7) . Again, the uncertainty due to the photometric calibration, ∼0.15 km, is greater than the uncertainty due to internal scatter of the data points.
This result may be compared with previous measurements of the edge-on V I F. Using HST images at a wavelength of 890 nm from the August 1995 ring-plane crossing, Nicholson et al. (1996) measured a V I F of 1.22 ± 0.17 km and 1.53 ± 0.09 km for east and west ring ansae, respectively, and during the May 1995 ring-plane crossing Bosh et al. (1997) found a V I F of 1.4 ± 0.1. Photographic estimates of the V I F at visual wavelengths of 1.1 +0.9 −0.5 km (Sicardy et al. 1982) and 2.4 ± 1.3 km (Dollfus 1979) were obtained at the time of the 1980 and 1966 ring-plane crossings. Since the residual brightness of the rings is primarily due to the narrow F ring , Bosh et al. 1997 , if the spectrum of the F ring is similar to the spectrum of the A and B rings (Clark and McCord 1980) , we might expect the V I F at 2.3 µm to be 50% of the value at 890 nm, or ∼0.7 km, equal to that observed.
Brightness Asymmetry between the Ring Ansae
One of the primary goals of these observations was to provide a longer time baseline than the 12 h of HST observations in May (Bosh et al. 1997) and August , which were centered on the predicted times of the ring-plane crossings. The HST observations show an unexpected but pronounced asymmetry between the brightness of the east and west ring ansae on the lit side of the rings within a few hours of the crossing on 10 August, which led to an interpolated crossing time for the west ansa which was 49 min before the east ansa crossing time. A smaller asymmetry was observed in the lit side brightness in HST observations on 22 May.
In our ground-based data, however, we find that any asymmetry in brightness between the east and west ansae is less than 6% on all nights, and below 3% on the critical night of 11 August. The sense of these small differences in brightness between the ansae varies from night to night, so they are probably due to measurement or calibration errors (e.g., uncorrected extinction effects). As our first observations of the sunlit rings were obtained at 13:44 UT on 11 August, we conclude that the brightness asymmetry evident in the HST images had disappeared within ∼18 h of the Earth's crossing the ring plane.
CONCLUSIONS
Near-infrared images of Saturn's rings obtained on eight nights spanning the Earth's crossing of the ring plane in August 1995 have been analyzed to produce radial profiles of the vertically integrated I /F of the rings. Profiles of the dark (precrossing) side of the rings are dominated by light from the F ring, although the profiles of 9 August also show light diffusely transmitted by the C ring and the Cassini Division. Extrapolating the brightness of the unlit side of the rings to the moment of ringplane crossing, we obtain an average photometric thickness (the radially averaged V I F) of the edge-on rings of 0.7 ± 0.1 km at a wavelength of 2.34 µm. This is consistent with previous measurements at shorter wavelengths, when allowance is made for the reflectance spectrum of H 2 O ice in the near-IR. We find no discernible difference between the residual edge-on brightness of the east and west ansae.
Fitting a simple single-scattering model to the sunlit (postcrossing) ring brightness as a function of time, we find an average I /F for the A and B rings of 0.35 ± 0.05 at 2.276 µm, corresponding to a single-scattering albedo for the ring particles of 0 = 0.26 ± .05 for a Callisto-like phase function. Again, considering the spectrum of the rings, this is reasonably consistent with Voyager clear-filter measurements of the geometric albedo of the main ring particles. No significant asymmetry in brightness is seen between the east and west ansae of the rings over a period of 1 week, starting 17 h after the ring-plane crossing, in contrast to the prominent asymmetries seen in HST images acquired within ∼4 h of the crossing on 10 August.
Attempts to determine the time of crossing by combining the SSO and Palomar data proved to be unsatisfactory, yielding a best-fit time which is 4-5 h later than that obtained from the HST data. This probably reflects unresolved photometric calibration problems in combining data at different wavelengths from two telescopes. With only a single night of SSO data after the ringplane crossing, it is not feasible to determine the crossing time from these data alone.
Future work will include more sophisticated modeling of the near-edge-on ring brightness along the lines of Poulet et al. (2000) , using a more realistic model of the F ring's profile (Showalter et al. 1992 , Bosh et al. 2001 ) and taking into account the recently established inclination of the F ring ) to evaluate the extent to which it obscures the main rings. This may provide an explanation for some of the many historical reports of visual asymmetries between the east and west ansae of the rings during previous passages of the Earth through the ring plane.
